Abstract: Due to its advantages like minimal trauma and a low risk of infections, the minimally invasive surgery (MIS) has become the standard operation technique for many surgical procedures. During this type of intervention, one of the main tasks from a technical point of view is the control of the pressure in the operation area in order to give the surgeon sufficient space to perform his actions. Because no invasive measurements are available, an extended Kalman filter incorporating the peristaltic behavior of the used medical device was developed to estimate the pressure in the operation area. This contribution focuses on the observer design while a separately designed PI controller using loop shaping was employed for validation. The proposed observer-based control structure was tested with a simulator deploying the principle of physical equivalence.
Introduction
In the last years, many new techniques of therapy were successfully established in the field of medicine. One of them is the MIS that was first introduced in the 1990s for laparoscopic surgeries and has now found a wide range of applications. In MIS, the operation area is accessed through small incisions. This leads to significant advantages in comparison to conventional interventions: a reduced trauma, resulting in faster recovery of the patient, and a lower risk of infections.
In this paper, the case of a knee arthroscopy as an example for a MIS is considered. After positioning and anaestizing the patient, a trocar with a fiber optical system is inserted through a small incision to give the surgeon a clear view of the operation area. Other trocars are used for drainage and surgical instruments. Figure 1 gives a schematic overview for this kind of MIS.
The requirements for a successful MIS are twofold: First, maintain visibility for the surgeon. Secondly, expand the operation area to give him sufficient space to perform the procedure. The first objective is achieved by flushing the operation area with a rinsing fluid, normally saline solution, the latter by applying a pressure.
The medical device that is used to transport the rinsing fluid in and out of the operation area is called double roller pump, which is one kind of peristaltic pump. While the outflow wheel of the double roller pump is controlled manually during an intervention by the surgeon to ensure visibility, the inflow wheel is controlled automatically by a pressure controller.
Different kinds of disturbances can occur, e.g. if the pressure in the operation area exceeds the blood pressure of the surrounding tissue, rinsing fluid depletes into the patients' tissue or is pressed into the blood vessels. The other way around, haemorrhages appear if the pressure gradient between the operation area and the surrounding tissue is negative and the vision is obstructed. Therefore, the control objective is to keep the pressure in the operation area close the blood pressure of the patient. As in many medical applications, not all important process variables can be measured in MIS. This imposes the need of a state estimator, whose design is the focus of the paper at hand.
Model of the process
For the design of model-based observers and controllers, an adequate model of the process is needed. In this case, the process can be divided into two general, interconnected subsystems, which are described individually in the following subsections.
Technical subsystem

Double roller pump
By squeezing the tube with the four symmetrically arranged rollers of each wheel (cf. fig. 1 ), the double roller pump transports the fluid in sections along the circumference of the roller wheels into and out of the operation area, respectively.
Two identical DC motors provide the torque actuating the wheels of the double roller pump. They have an underlying speed controller, whose dynamical behavior can be approximated by a first-order lowpass with a time constant 1 . In the interesting range of working points, the relation between rotational speed and the provided volume flow is linear, characterized by the factor . Those considerations can be summarized into a first-order transfer function, namely:
in which stands for the desired rotational speed. The indices = { , } denote the values related to the DC motor for the inflow wheel and the outflow wheel, respectively.
Tube and trocars
Identical polymer tubes are used to connect the double roller pump to the trocars and vice versa. Due to the mainly turbulent flow in the tubes and trocars, the relation between pressure loss and flow rate is nonlinear.
To represent the pressure loss between the outlet of the inflow wheel and the exit of the trocar attributed to flow resistance, two parameters 1 , 2 are introduced:
where stands for the pressure at the outlet of the inflow wheel (measuring point) and for the pressure in the operation area.
Pressure sensor
Because of the lack of cost-efficient and/or sterilizable sensors, no measurement of the intraarticular pressure is available. Instead, the pressure at the outlet of the inflow wheel is determined by a noninvasive sensor with a ceramic diaphragm.
In addition to the static pressure loss (cf. sec. 2.1.2), the pressure measurement is distorted due to the mechanical coupling between the DC motors, the housing of the double roller pump and the sensor itself.
Analyses done by the help of the fast Fourier transform have shown that the measurement signal (besides from a static part) mainly consists of components directly related to the rotational speed of the inflow wheel and the number of rollers = 4. Therefore, this disturbance is incorporated into the model as an additional term with the frequency 0 = 2 · 4 · and a damping factor (for purposes of overall system stability) as follows:
which is driven by some Gaussian noise 2 like in [5] . and are variables of the filter (3).
Biomedical subsystem
The human knee, which is considered in the following, can be modeled as a hydraulic reservoir with a flexible enclosure. Furthermore, the fluid in it is assumed to be incompressible. With the resulting volume flow and the capacity of the knee , the pressure inside the operation area can therefore be described bẏ
The variable is the sum of all volume flows into and out of the operation area. This includes the flow and provided by the double roller pump. Additionally, blood can enter the knee in form of a volume flow
which depends in a nonlinear manner on the difference between the pressure in the operation area and the blood pres- . Analogously, the rinsing fluid can deplete into the tissue, which is a nonlinear function of the pressure gradient, too:
The already introduced capacity of the knee is defined as the ability to change its volume subject to the predominant pressure. The capacity is a nonlinear function of physiological variables like the volume, the tissue structure of the patient, and the flexion of the knee during operation [6, 7] .
The equationṡ
summarize the biomedical subsystem. Figure 2 shows all important process variables as described above in one illustration.
State-space representation
The volume flows ℎ and cannot be measured. To estimate them using the observer designed in the following section, an additional differential equation is introduced:^= 0. With the eqn. (3, 8, 9 ) this leads to the states = [^], and the following state-space representation:
The measured pressure signal is influenced by the actual pressure in the knee, the rotational speed of the inflow wheel, and the distortion due to the peristaltic behavior of the double roller pump:
Observer-based controller design
As already stated in the introduction, the main control objective in the MIS is to keep the pressure in the operation area at a preeselected level. Because no measurement of the intraarticular pressure is available, an observer-based control structure is used for this purpose. To ensure observability and overall system stability at all times, a switching structure is furthermore implemented.
Extended Kalman filter
Due to the nonlinear process (10), an extended Kalman filter (EKF) is designed to estimate the pressure in the operation area. A state-space model
perturbed by uncorrelated Gaussian noise and is the starting point for the following considerations. The variables , , denote the states, inputs, and outputs of the system (13, 14), respectively.
The objective of the EKF is to minimize the influence of the noise terms and on the observer error = −^. In the case of the continuous EKF, this leads the equations [1]:
As eqn. (15)- (19) show, the EKF is based on a linearization of the nonlinear system dynamics in the respective operation point. The parameters and denote the covariance matrices of the process noise and the measurement noise , respectively. While can be computed by calculating the variance of the measurement signals, the matrix is often used as a tuning parameter for the EKF [2] . In this case, the values related to the forth state of (10) are significantly lower than the other to ensure a slow convergence of^with no overshoots.
Switching structure
If the speed of the DC motor of the inflow wheel becomes zero, the system (10)- (12) is not any longer observable. In order to incept this error case, two different observers are simultaneously running and the control-structure switches between them as introduced in [3] .
The first one incorporates the full process model (10). The second one, whose underlying system remains observable the whole time, only comprises of the two last states of (10). This one is used, if the speed of the inflow wheel falls under a certain threshold. The other way around, the first observer is employed if the value of reaches a certain value. This ensures a stable estimation of the intraarticular pressure at all times.
Experimental results
Because of very high regulatory barriers for measurements in vivo, a simulator using the principle of physical equivalence is employed. The simulator consists of a reservoir which is filled partly with fluid and partly with air. If the amount of air is chosen appropriately, the relationship between volume, volume flow, and pressure in the simulator can be a valid approximation of the conditions in the human knee. Figure 3 shows the measurement of the pressure in the simulator and the one estimated by the EKF for a realistic usecase [4] . The estimated pressure is used as an input for the designed PI controller. At the start, the trocars are plugged into the simulator and after 5 s the pressure is elevated to a desired level, here = 1. pressure drops for a short time and is then restored to the desired level quickly afterwards. At = 45 s, flushing is turned off, which results in a short and small pressure peak.
The EKF filters most of the disturbance out and estimates the pressure in the simulator well during the whole experiment. In conjunction with the designed PI controller, the proposed observer-based control structure delivers a satisfactory result for the pressure control in MIS.
